An atmospheric turbulence in stable stratification was observed at Syowa Station in Antarctica during the period from February to December in 1970. Its characteristics are analyzed in relation to the stability (Richardson number, Ri) in the surface air layer.
Introduction
A great number of investigations have been made on the structure of atmospheric turbulence : Shiotani (1963) , Lumley and Panofsky (1964) , Soma (1964) , Berman (1965) , Kaimal and Izumi (1965) , Sahashi (1967) , Mitsuta (1968a and b) , Busch et al. (1968) , Busch and Panofsky (1968) , Businger et al. (1969) , Okamoto and Webb (1970) , Mitsuta et al. (1970) , Miyake, Donelan and Mitsuta (1970) , Miyake and McBean (1970) , Miyake, Stewart and Burling (1970) , Sitaraman (1970) , Yokoyama (1971) , Warner (1972) and Kaimal et al. (1972) .
Although the energy and mass exchange between the air and the ice cap in the polar regions is well known to play an important role in polar climate, our knowledge about the structure of airflow over the snow and ice in Antarctica is not enough to make clear the physical processes controlling the interaction between the air and the ice cap.
The author was a meteorological research member of the Wintering Party of the Eleventh Japanese Antarctic Research Expedition in [1969] [1970] [1971] and has up to now published the following papers: Maki (1971) , Maki (1972 a, b, c and d) and Maki (1974) . Observations on the structure of the atmospheric turbulence near the ground in super-stable stratification were carried out with the sonic anemometer-thermometers (S.A.T. hereafter) at Syowa Station (69*00'S, 39*35'E) in Antarctica during the period from February to December in 1970. Wind fluctuation data were mainly analyzed in order to clarify their statistical characteristics in relation to the thermal stratification.
Observations and data analyses
The observations were carried out at the micrometeorological observation site of Syowa Station in East Ongul Island. The site is half way on an westward rising slope with an inclination of about 10 degrees. It is about 50 m away from the foot of the slope and about 30 m away from the snow line of the sea ice. The height of the site is about 8 m above the sea level. East Ongul Island, which is about 4 km away from Taichi Maki 33 Fig. 1. Observation site at Syowa Station and the topography of northeast regions of East Ongul Island. The point C indicates the observation site.
the Antarctic Continent, has hills of 30 to 40m height at about 300m away from the observation site under the lee of the prevailing wind (Fig. 1 ). According to Murakoshi (1958) , the prevailing wind is from the direction of northeast at Syowa Station. The 21m-high tower which was made of iron pillars of an equilateral triangle with 30cm span was decided upon for measuring the prevailing wind at the point C in Fig. 1 .
A three-dimensional S.A.T. was set up on the tower at a height of 20m. The sensor probe was attached to the beam so as to keep the probe 1m away from the side of the tower to avoid its interference.
The S.A.T. has probes with 20cm span for the longitudinal, lateral and vertical wind components of the 120* crossing. It can measure winds from directions ranging from N to E without any interference from the wakes of any transducers or supporting members (Mitsuta et al., 1967 and Mitsuta, 1971) . The data in cases of wind directions from SW to WSW were excluded because of the interference effects. The cases of SSW, SE and ESE wind directions were included in this analysis, because strong stable stratification was often seen in these cases. Underlines in the figures indicate data on winds blowing from the rear side of the S.A.T. The author sometimes checked the horizontal direction of the S.A.T. with a level, but it could not be always said that the horizontal direction is not changeable after a strong blizzard.
The S.A.T. used at Syowa Station was adjusted at -20* as the standard point of temperature correction in order to work under super-low temperature conditions. The electric signals from the S.A.T. were recorded on the four-channel rectigraph of 40mm width (per one channel) with 50 mm/sec chart speed. The response time of the recorder is about 0.03sec. The sampling interval was 0.2sec for the wind speed fluctuation and the recording time for each run was 5 minutes.
Five sets of three-cup anemometers and of platinum resistance thermometers with shelter were installed on the tower respectively at heights of 21, 10, 5, 2.5 and 1.25m above the ground (Maki, 1972a and b) . The electric pulses due to the cup-rotation of the anemometers were counted by magnetic digital counters and the electric output from the platinum resistance thermometers was recorded on an electric auto-balancing recorder. The data of 33 runs were analyzed in the present investigation. Table 1 summarizes the associated meteorological conditions. The wind speed observed by the S.A.T. is different from the wind speed observed by the three-cup anemometer at the height of 20m for the longitudinal wind component, because the former is 5-minute mean and the latter is 10-minute or 20-minute means.
In the present paper, the standard deviations (*U, *V and *W), Eulerian auto-correlation coefficients [RU(t), RV(t) and RW(t)] and the power spectral densities [SU(n), SV(n) and SW(n) of the longitudinal (U), lateral (V) and vertical (W) wind components were calculated.
In order to obtain the smooth distribution of the power spectral density, the averaging procedure which is called Hamming Window (Blackman and Tukey, 1958 ) has been applied in this analysis. In the present paper, the maximum time lag (M) and the total number of data (N) for the longitudinal and lateral wind components are taken for 300 and 1500 respectively, and M and N for the vertical wind component are 500 and 1500 respectively.
Observations show that for the small time lag, i.e., t<3 sec, the auto-correlation coefficient may be approximated by where Ckj and mj are numerical constants and j is the longitudinal (U), lateral (V) and vertical (W) wind components. The value of m falls between 0.55 and 0.69 in the present paper. This formula yields the characteristic time scale, turbulence.
Taking the similarity theory for the inertial subrange of the turbulence or the range of the intermediate turbulon, the following relation is
given (Inoue et al., 1955) : According to Inoue (1952) and Inoue et al. (1955) , the scales of the "largest turbulon" of the longitudinal, lateral and vertical wind speeds (*U, *V and *W) and of the "smallest turbulon" of the longitudinal wind speed (*U) may be expressed by where <u'2> is the square mean of the longitudinal wind speed fluctuation, Cl the numerical constant given experimentally to be 1.6 and t the time lag. From Eq. (5) Richardson number (Ri) at the height of 20 m is calculated from the wind velocity and air temperature gradients at the same height. The friction velocity (U*) is also calculated from as follows:
and The physical meaning of this is not so clear. It must be noted that the geographical slope at the observation site has an inclination of about 10 degrees. This comparatively large coefficient may be due to the change of the horizontal direction after a strong blizzard.
This relation seems to be due to the drifting snow and the geographical slope, because the measured wind on this tower becomes an updraft which blows toward East Ongul Island from a smooth sea ice or a spill-over wind in reverse. When the wind, especially the prevailing wind, blows from the east over the smooth sea ice surface, the measurements of the wind velocity influence the updraft effect. As the iron tower is grounded at a height of 8 m above the sea level and East Ongul Island has a lot of hills of 30 to 40m height, it seems that the wind velocity on the lower layer of the wind velocity profiles is strong as compared with the upper layer. Fig. 3 shows the relations between *j(j=U, V, W) and Ri. Empirical formulae may be expressed
The relations between *U and Ri and between *V and Ri have the same gradient. The standard deviations of the longitudinal, lateral and vertical wind speed fluctuations decrease exponentially with the increase of Ri. It seems to be due to the reason mentioned above that the value of *W is rather large.
Relations between *j/U*(j=U, V, W) and Ri
The ratios of *U/U*, *V/U* and *W/U* used in Eq. (7) as a function of Ri are shown in Fig. 4 . There are no obvious dependencies of *U /U*, *V/U* and *W/U* on the stability (Ri) in stable stratification, i, e., *U/U*=1.80, *V/U*=1.55 and *W/U*=3.00.
Comparing the present results obtained at the slope terrain with other results at the flat surface, the values of *U/U* and *V/U* are somewhat smaller than the result hitherto obtained by Monin (1962) for *U/U*=1.9-2.8. On the other hand, the present ratio of *W/U* is somewhat larger than the values obtained by Monin (1962) for 0.5-1.2, by Shiotani (1963) for 1.1, Busch The fairly small values of *U/U* and *V/U* and the fairly large value of *W/U* in the present paper might be attributed to the updraft and spill-over effects based on the topography at Syowa Station.
Energy dissipation rate
It is known theoretically that the energy dissipation rate (*) in neutral stratification is 
RU(t), RV(t) and RW(t)] against time lag(t).
proportional to the third power of the wind velocity.
In the present paper, the relation between */U320 used in Eq. (6) and Ri is obtained as shown in Fig. 5 .
From this figure, the relation is shown as. follows :
According to this equation, * is proportional to the third power of U20 and to about the 0.5 power of Ri in stable stratification.
Scale of turbulence
As examples of Eulerian auto-correlation coefficients, RU(t), RV(t) and RW(t) are shown in Fig. 6 . By the use of Eqs. (1) and (2) for a small time lag of 0.2<t<3.0 sec, we can obtain the characteristic times (TU, TV and TW) as shown in Table 2 .
From the table it can be seen that the ratio of TU:TV:TW is represented as (3.4-10.9):(1.4-3.5):1 and the mean ratio is 6.3:1.9:1. The above ratio, TU/TW=6.3, is smaller than the value of TU/TW=10 reported by Inoue et al. (1955) .
The scales of the "largest turbulon" of the longitudinal, lateral and vertical wind speeds (*U, *V and *W) are obtained from Eq. (3). Fig. 7 shows the values of *U, *V and *W as a function of Ri. The empirical formulae except for the data in super-stable stratification on run 9(Ri=6.82) seem to be as follows : *U =107, *V=33.0 and *W=17.0.
In this figure the value of *U may be seen to increase slightly with the increase of Ri, but in consideration of the trends of *V and *W, the scales of *U, *V and *W seem to be independent of the stability (Ri) for Ri<3.0. These constant values show 107:33.0:17.0*6.3:1.9:1. These ratios represent the cubic vortex, i.e., length: breadth:height=6.3:1.9:1.
The present value of *U is almost coincident with the results by Webb (1955) and Batchelor (1956) . Inoue et al. (1955) show that the scale of the largest turbulon of the longitudinal wind speed is about ten times as large as the observation height, whereas, in the present observation, the scale is about three to ten times as large. The scale of the "smallest turbulon" of the longitudinal wind speed (*U) is obtained from Eq. (4). The value of *U in terms of Ri is represented in Fig. 8 . The empirical formula is as follows :
According to this figure, *U increases exponentially with the increase of Ri. The coefficient of this equation is about 105 times as large as the value of *U 7. Power spectral density Fig. 9 shows some examples of power spectral densities of wind speed fluctuations. A-5/3 power law is seen at the nondimensional frequency of nZ/U20>1.0. In run 9, the power spectral densities decrease sharply for the frequency range between 0.2 and 0.5 c,/sec. The stronger the wind velocity, the higher is the frequency for which the -5/3 power law is applicable. Run 9(Ri=6.82) has the properties of super-stable stability, gentle wind and non-drifting snow, run 29(Ri=0.080) the properties of moderate stable stability, fairly strong wind and low drifting snow and run 23(Ri=0.029) the properties of slight stable stability, strong wind and high drifting snow, respectively. Now Unp, Vnp and Wnp denote the frequencies at which the values of nSU(n), nSV(n) and nSW(n) have their respective maximum. The present result is coincident with Lumley and Panofsky's (1964) result that the values of Unp, Vnp and Wnp decrease with the increase of the stability. It is shown by Busch et al. (1968) that the value becomes smaller in the order of nSU(n), nSV(n) and nSW(n) in the range of nZ/U92<0.2 (U92 is the wind velocity at the height of 92 m). Businger et al. (1969) obtained results on normalized vertical spectra under neutral and slight stable conditions. These results do not coincide with the tendencies in katabatic or blizzard winds, but almost with the tendency under super-stable conditions. Furthermore, Soma (1964) reported that in cases of strong winds (typhoon) the value of Unp is small, being about 0.02 or 0.1 c/sec at the height of 26 m.
The dependencies of the nondimensional frequencies (UnpZ/U20, VnpZ/U20 and WnpZ/U2o) on the stability of Ri are obtained as follows:
These are shown in Fig. 10 . If we increase Ri, the value of UnpZ/U20 for the longitudinal wind Fig. 9 . Power spectral densities [SU(n), SV(n) and SW(n)] against frequency (n). speed increases exponentially and the value of W npZ/U20 for the vertical wind speed decreases exponentially. For the lateral wind speed, however, the value of VnpZ/U20 is independent of the stability in strong stable stratification for 0.02< Ri<7.0. On the other hand, Kaimal et al. (1972) reported that the nondimensional frequencies of the longitudinal, lateral and vertical wind speeds at the maximum spectral densities increase with the increase of Z/L (L is the Monin-Obukhov length) in slight stable stratification for Z/L<1.7 (Ri*0.2) at the heights of 5.66, 11.3 and 22.6 m. Businger et al. (1969) reported that WnpZ/U4(U4 is the wind velocity at the height of 4 m) increases with the increase of Ri in unstable stratification.
8. Concluding remarks 1) At a slope of about 10-degree inclination, the mean value of the vertical wind speed at the height of 20m (W20) is obtained to be about one-third of the longitudinal wind speed at the height of 20m (U20).
2) Standard deviations (*U, *V and *W) of the longitudinal, lateral and vertical wind speed fluctuations decrease with the increase of the Richardson number (Ri) at the height of 20 m.
3) The ratios of *U/U*, *V/U* and *W/U* (U* is the friction velocity) are almost independent of Ri. The ratios of *U/U* and *V/U* are somewhat smaller than and the ratio of *W/U* is somewhat larger than some other results because of the topographical effect at the observation site. 4) */U320 (* is the energy dissipation rate) seems to be proportional to about the 0.5 power of Ri.
5) The scales of the largest turbulon of the longitudinal, lateral and vertical wind speeds are independent of Ri. The largest turbulon represents a body of the following proportions; length: breadth : height=6.3 :1.9 :1.
6) The scale of the smallest turbulon of the longitudinal wind speed increases exponentially with the increase of Ri. 7) A -5/3 power law is applicable to the frequency range above 1.0 c/sec or to the nondimensional frequency above 1.0.
8) If we increase Ri, the value of UnpZ/U20 (nondimensional frequency at the maximum spectral density) for the longitudinal wind speed increases exponentially and the value of WnpZ/U20 for the vertical wind speed decreases exponentially. For the lateral wind speed, however, the value of VnpZ/U20 is independent of Ri.
